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ABSTRACT: Modeling the behavior of concrete reinforced with fiber-reinforced plastic (FRP)
bars requires models for the constitutive behavior of concrete and FRP and a model for their
interaction.  This study focuses upon modeling the mechanical interaction between FRP bars and
concrete.  The interaction (commonly called bond) can be dominated by mechanical effects when
the bars have a significant surface structure.  A phenomenological bond model that was
originally developed and applied to steel bars is applied to the bond of FRP bars.  The model
provides a macroscopic characterization of the bond behavior within the mathematical
framework of elastoplasticity theory.  While the bond model has been applied to both steel and
FRP bars, the failure mechanisms can be quite different, thus application of the model to the
bond of FRP bars merits critical evaluation.  Among the important differences is the potential
failure of the surface structure of the bar.  The phenomenological model is defined to characterize
the structural behavior associated with surface structure failure, but it will not predict the state of
damage in the FRP bar. A unique aspect of the formulation is the potential to predict longitudinal
cracking in the adjacent concrete.  Calibration and validation results are presented to highlight
the potential strengths and weaknesses of the model.  The model gives surprisingly accurate
predictions of bond strength for four independent experimental studies.  It does not predict the
variation of bond strength with embedment length observed in one set of tests, but other results
from the same study suggest the apparent variation could be due to experimental scatter.
Additional experimental data for calibration and validation of the model using a common FRP
bar are needed to further evaluate the application of the model, but the results from this initial
study indicate the model could potentially be used to evaluate the behavior of structural
components reinforced with FRP bars.

Key words: surface structure, interface, FRP bar, concrete, mechanical interaction,
elastoplasticity, bond

1. INTRODUCTION

The desperate state of much of the nation's infrastructure and potential advantages of
composite materials (e.g., improved life cycle costs) has led to increased interest in applying
composite materials to civil engineering structures.  One application is the use of fiber-reinforced
plastic (FRP) reinforcing bars for concrete, as an alternative to steel reinforcing bars.  The
resistance of FRP bars to environmental elements makes their application attractive for many
applications, e.g., waterfront structures, highway systems subjected to winter salting, and
containment structures for corrosive materials.  Other favorable properties of FRP reinforcing
bars include: high strength/weight ratio, electromagnetic neutrality, and ease of handling.  There
are also many issues for FRP bars that merit additional investigation, among them are: durability
(e.g., the potential of chemical degradation of glass fibers within an alkaline environment),
behavior of FRP bars under sustained loads, and the brittle behavior of FRP bars.  There have
been numerous tests on the behavior of FRP-reinforced concrete (see e.g., Nanni [1993]), but the
analysis of FRP-reinforced concrete has received less attention.
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Modeling the behavior of FRP-reinforced concrete requires
models for the constitutive behavior of concrete and FRP and a model for
their interaction.  This study focuses upon modeling the interaction
(commonly called bond) between FRP bars having a significant surface
structure and concrete; for this case, bond behavior is dominated by the
mechanical interaction between the surface structure of the bar and the
adjacent concrete matrix.  As for any composite material, the interaction
between the reinforcement and matrix is important toward understanding
the failure of the composite.

In recent years, researchers have conducted many experimental
studies on the bond between FRP bars and concrete (see e.g., Faza and
GangaRao [1990], Saadatmanesh and Ehsani [1991], Larralde and Silva-
Rodriguez [1993], Nanni [1993], ACI [1994], Larralde et al. [1994],
Malvar [1994, 1995], Schmechpeper and Goodspeed [1994], Taerwe
[1995], Belarbi et al. [1996], Benmokrane et al. [1996], Ehsani et al.
[1997], Tepfers et al. [1997], Larralde et al. [1998], and Tepfers[1998]).
Many of the studies were conducted to help determine design criteria for
the bond of FRP bars.  Researchers have also sought to identify the nature
of the bond failure (e.g., failure of the concrete versus failure of the
surface structure of the FRP bar) and to compare the bond strength and
stiffness of steel and FRP bars (see e.g., Larralde and Silva-Rodriguez
[1993], Malvar [1994], and Tepfers et al. [1997]).

Bond has been numerically modeled and characterized at several scales.  Figure 1 depicts
three scales of bond modeling with names that reflect the scale of spatial discretization (Cox and
Herrmann [1992, 1998]); however, not all bond models fit neatly into these three categories.    At
a relatively large scale – the member-scale, each reinforcing element is treated as a one-
dimensional bar element and bond is characterized by a bond stress-slip relationship.  The
member scale can allow realistic structural problems to be addressed, but this scale also has
limitations; e.g., it is too coarse to predict some behaviors such as the propagation of longitudinal
cracks1 to a free surface (which essentially eliminates bond strength).  At a much smaller scale –
the rib-scale, the bar and its surface structure are often explicitly modeled (e.g., the complex
shape of the bar's surface may be discretized with finite elements).  Rib-scale analyses are very
important toward understanding aspects of the underlying mechanics of bond, but generally the
simplifying assumptions made limit the models to qualitative evaluations.  Furthermore, this
scale is too fine for most practical analyses.  A scale of compromise – the bar-scale – treats the
bar and concrete as continua and models the interaction between them without explicitly
modeling the surface structure of the bar.  This type of model has a phenomenological nature, but
potentially it can be used to model the behavior of structural components while including
important failure mechanisms such as longitudinal cracking of the concrete adjacent to the bars.

For steel bars, there have been several bond models proposed at each of the above scales,
but only a few models have been proposed for FRP bars.  As for steel bars, the first bond models
for FRP bars have addressed the member scale; see e.g., the models of Faoro (1992), Malvar
(1994), Alunno et al. (1995), and Cosenza et al. (1995, 1997).  Faoro (1992), and Alunno et al.
(1995) applied the model of Eligehausen et al. (1983) which was originally developed for steel
bars.  The model of Cosenza et al. (1995, 1997) was also based upon the model of Eligehausen et
al. (1983) but the ascending portion of the bond stress-slip relationship was modified.  These
models relate average bond stress to slip and were derived from curve fits to a single data set.
Thus member-scale models generally have two important limitations: (1) they will only predict
bond response in structures having a stress history similar to the original specimen, and (2) they
can not produce longitudinal cracking in the adjacent concrete.  A few rib-scale models have also
been proposed.  Boothby et al.[74](1995) present a rib-scale analysis of a bond specimen having
                                                
1 Consider a cylindrical coordinate system with the z-axis coincident with the axis of the bar.  Ideal longitudinal
cracks would occur in a θ-coordinate plane.

"Bar-scale"

"Member-scale"

"Rib-scale"

Figure 1.  Scales
of bond analysis.
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an FRP bar with a single rib.  The FRP is modeled with an elastoplastic model using a modified
Hill criterion, and the concrete is modeled with an unspecified elastoplastic model.  Yonezawa et
al.[7] (1993) also presented a simple parameter study (based upon rib-scale analyses) to determine
the effects of rib geometry on the stresses within the concrete and FRP; however, their analyses
were apparently based on the assumption of linear elastic material behavior.

This study addresses the characterization of bond behavior between FRP bars and
concrete at the bar-scale.  A bond model that was originally developed for steel bars is applied to
the bond of FRP bars.  The model provides a macroscopic characterization of the bond behavior
within the mathematical framework of elastoplasticity theory.  While the application of the
mathematical model is herein extended to FRP bars, the underlying mechanics can be very
different.  The surface structure geometry and mechanical properties of FRP bars differ
significantly from those of steel bars.  As such, the effects of the mechanical interaction can
produce different failure modes; e.g., one mode of failure that can occur with FRP bars (but not
for steel bars) is a mode II fracture of the bar’s surface structure.  Since the initial application of
the bar-scale model to FRP bars will not incorporate physical parameters related to constitutive
behavior of FRP, we anticipate that the model will have to be recalibrated for bars having
significantly different surface structures.

The next section of this paper presents an overview of the elastoplastic bond model of
Cox and Herrmann (1992, 1998, 1999; Cox [1994]) with the calibration parameters for a
particular FRP bar.  The calibration is obtained via simplified analyses of the experimental
results of Malvar (1994, 1995) for his “type d” bars.  Section three presents the calibration and
validation results.  The validation results are obtained by using the model to simulate the
behavior of other bond specimens reported in the literature.  The last section presents conclusions
highlighting the strengths and weaknesses of the modeling approach.

2. ELASTOPLASTIC BOND MODEL

There are several underlying assumptions associated with bar-scale models (see e.g., Cox
and Herrmann [1998]); a common assumption is that the interaction can be characterized by an
interface model.  For some bars this is obviously an idealization, since the region around the bar
that is affected by the mechanical interaction (the bond zone) can have a significant thickness.
Another assumption is that the interface traction can be homogenized to yield a continuous
traction distribution.  The generalized stresses (Q) can then be defined as the tangent and normal
components of the interface traction, τ and σ respectively.   τ is referred to as the bond stress,
and -σ will be referred to as the confinement stress.  (σ is positive in tension.)  The generalized
strains (q) are defined as the tangent (δt) and normal (δn) displacements of the concrete surface
measured relative to the bar surface and nondimensionalized by the bar diameter (Db); i.e., qT =
(δt/Db, δn/Db).  For monotonic loading, the evolution of the yield surface is characterized by a
single measure of the internal state, the bond zone “damage” which is defined as

d = min(
δ t

p

rs
, 1) (1)

where δ t
p  is the plastic slip and sr is a characteristic length of the surface structure (e.g., the

length of a unit surface element for a periodic surface structure).  The terminology “damage”
indicates that d is a measure of the physical damage at the rib-scale, but it does not imply that the
bar-scale model is based upon the concepts of damage mechanics.

The yield criterion is of the form f (τ, σ, d) = 0 with
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where: ft is the tensile strength of concrete; C is the isotropic hardening/softening function; $σ  is
the kinematic softening function; W is the weighting function; and M, αe and αp are model
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parameters.  For the current calibration, W = 0, M = 1 and αp = 0.75.  That is, the form of the
model was simplified for this application to only include the “power function” of the two
component functions of σ.

The calibration used in this study is based upon the test results of Malvar (1994,1995) for
a “type d” bar – a 19 mm diameter bar.  We anticipate that the model will only reproduce
experimental results for specimens with similar concrete strengths and bars having a very similar
surface structure.  The series of experimental tests conducted by Malvar are particularly useful
for formulating and calibrating phenomenological models, since they provide data at different
stress states.  Figure 2 shows a schematic of the test specimen proposed by Malvar (1994).  This
specimen is a small concrete cylinder with a diameter of 3 in. (76.2 mm), a length of 4 in. (101.6
mm), and a bonded length of 2.625 in. (67 mm).  The specimen is cast within a slotted pipe that
is later enclosed in a circumferential band.  This band is used to apply uniform normal tractions
to the outer surface of the specimen and to measure the change in circumference.  The slotted
pipe apparatus is loaded under displacement control in a common testing frame.  A hydraulic
clamp (with an adjustable relief valve) is used to apply constant confining pressure.  LVDTs are
used to measure the longitudinal displacement at both ends of the specimen and to measure the
change in circumference.  Malvar subjected the bars to normal tractions at five different levels of
compression; the intensity of the normal traction was defined as the average radial traction at the
bar that would occur if the concrete did not carry hoop stress (500, 1500, 1500, 3500, and 4500
psi; i.e., 3.45, 10.3, 17.2, 24.1, and 31.0 MPa).  His tests included a “pre-load” to split the
concrete specimen prior to performing the bond tests, so the initial extent of damage in the bar
surface structure and concrete is unknown.

Figure 3 shows the graphs of C and $σ  that were obtained by examining the test results of
Malvar (1994).  These two functions completely characterize the evolution of the yield surface,
the dominant feature of which is the softening behavior.  Isotropic softening represents a
progressive failure of the bond zone, while the kinematic softening is physically associated with
the change in contact forces between the surface structure of the bar and the adjacent concrete.
Figure 4 shows the yield surface at three stages: (1) the initial surface (d=0), (2) at the state of
maximum isotropic hardening, and (3) at the purely frictional state (i.e., d=1 – a totally damaged
bond zone).

slip LVDT

slotted pipe confinement band

concretebar slip LVDT

hydraulic jack

clamping device

band opening (dilation) LVDT

bar

slotted pipe

Side section End view

Figure 2.  Schematic of Malvar test specimen.

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

C
(d

)

d

0

0.5

1

1.5

2

2.5

0 0.2 0.4 0.6 0.8 1

σ(
d)

d

^

Figure 3.  Isotropic hardening/softening function C(d) and the kinematic softening
function $σ (d).



Published in the Journal of Reinforced Plastics and Composites, vol 19, no. 1, 2000, pp 15-33.
Guo and Cox (1998)

5

The strains are additively decomposed into elastic (qe) and plastic (qp) components.  The
relationship between stresses (Q) and elastic strains (qe) is assumed to have the linear form

Q = De qe (3)
The elastic moduli are defined as

De = 
E k

E k k q
c
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p

/

/ ( )
0
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0
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where Ec is Young’s modulus of the concrete, and k0, k1, and k2 are model parameters.  k0 is
obtained by calibration, prescribing the parameter so that model accurately reproduces the initial
elastic bond stress-slip behavior.  When k2 is nonzero, the model has elastoplastic coupling.  The
physical argument for this mathematical form is based upon the change in the actual interface
traction distribution and the damage of constituent materials (Cox [1996]).  The effect of the
interface traction distribution can be obtained in closed form for an idealized case (see e.g., Cox
and Yu [1998]).  For the calibration used here, these parameters are taken to have the following
values: k0 = 10, k1 = 0.034, and k2 = 27.

The kinematics of the wedging action of the bar’s surface structure is accounted for in the
bar-scale model through the flow rule, which initially produces radial dilation of the interface.
The following form was adopted to simplify the flow rule description

& & sgn( )

( , )
q p

g d
=









λ
τ

σ
(5)

where &λ  denotes the consistency parameter.  To obtain an approximation for g, limited data
presenting radial dilation versus slip (Malvar [1994]) were analyzed.  We assumed that: (1) g is
only dependent upon -σ and d, (2) the -σ value reported by Malvar (1994) is the normal stress at
the bar surface, and (3) the radial elastic contraction due to the applied confinement stress is not
significant.  The resulting model approximation of g is shown in Figure 5.  As defined by
equation (5), g represents the rate of plastic radial dilation with respect to plastic slip; thus, the
area under each curve is proportional to the maximum radial dilation.  An important behavior for
the model to capture is the decrease in radial dilation with an increase in the confinement stress.
Unlike member-scale models, the bar-scale model actively contributes to the stress state near the
bar through the radial dilation and thus can produce longitudinal cracking in the concrete matrix.

0

2

4

6

8

10

-5 0 5 10 15 20

initial surface (d=0)
d at Cmax
friction surface (d=1)

τ/
f t

-σ/f
t

0

0.02

0.04

0.06

0.08

0.1

0 0.2 0.4 0.6 0.8 1

500psi
1500psi
2500psi
3500psi
4500psig

d

Figure 4.  Yielding surfaces. Figure 5.  Flow rule.



Published in the Journal of Reinforced Plastics and Composites, vol 19, no. 1, 2000, pp 15-33.
Guo and Cox (1998)

6

3. CALIBRATION AND VALIDATION

In this section, we present selected calibration
and validation results to establish some of the
capabilities and limitations of the bond model.
Preliminary validation results that incorporated less
accurate models of bond specimens were previously
presented (Guo and Cox [1998]).  The calibration is
based upon the tests of Malvar (1994) as discussed in
the previous section.  The validation tests compare
model results with the experimental pull-out results of Brown and Bartholomew (1993), Larralde
and Silva-Rodriguez (1993), Larralde et al. (1994), and Tepfers et al. (1997).  Comparisons of
the model results with the experimental results of Brown and Bartholomew (1993), Larralde and
Silva-Rodriguez (1993), and Larralde et al. (1994) are limited to peak bond strength, while
comparisons of bond stress versus slip are presented for the data of Malvar (1994) and Tepfers et
al. (1997).  The particular experimental studies were selected because the surface structures of
their bars resembled that of the “type d” bars used by Malvar, and the concrete strengths were
also close to that of Malvar.  The surfaces have a helical indentation that is produced by a bundle
of glass fibers that is wound around the bar during the pultrusion process (see Figure 6).  Figure 7
shows schematics (at a common scale) of all the experimental specimens considered in this
study.

An inherent difficulty in characterizing bond behavior is that it can not be experimentally
isolated; it is integrally tied to the bond specimen, since it is a structural response.  Thus, to

Figure 6.  FRP bar with a helical
surface structure.

Larralde &
Silva-Rodriguez

(1993)

Larralde et al.
(1994)

Side Section

End View

Brown &
Bartholomew

(1993)

Tepfers et al. (1997)Malvar (1994)

Figure 7.  Schematics of the pull-out specimens.
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simulate the response of a given test requires
a model of the bond specimen.  The
specimens were modeled using
axisymmetric finite elements.  Figure 8
shows the mesh for a model of the Malvar
specimen.  Since the actual specimen is pre-
cracked, the axisymmetric model is
idealized as having zero hoop stress.

For the validation specimens the
concrete is idealized as an elastic solid under
an axisymmetric stress and strain state with
a pre-defined number of longitudinal cracks;
these cracks are assumed to evolve
concurrently and separate the concrete in the
cracked region into equal size sectors.  This axisymmetric idealization to incorporate the effects
of longitudinal cracking originated with the analytical work of Tepfers (1979).  The FE modeling
approach used here follows the approach of Rots (1988), where the effects of longitudinal
cracking are incorporated in an axisymmetric implementation of a “material model.”  Figure 9
represents the end-view of a specimen having three longitudinal cracks.  Each crack is idealized
as being planar with a process zone of infinitesimal thickness.  The process zone in the plane of
the crack represents the effects of crack bridging by the aggregates, has a finite length, and is
commonly referred to as the cohesive crack (Hillerborg et al. [1976]) for this type of model.  The
behavior of the process zone is characterized by the following traction–crack opening
relationship

σcr = ft(1.0 − $w k) (6)
where ˆ w  is the ratio of the opening displacement of the cohesive crack and the critical crack
opening (i.e., the minimum crack opening, wo, for which there is no traction across the crack), ft
is the tensile strength of the concrete, and k is an model parameter.  For the validation problems
presented here, k = 0.248 and wo is selected so that the model reproduces the estimated energy
required to create additional crack surface (the so called fracture energy).  This relationship is
graphically depicted in Figure 10.  When the tensile strength (ft) of the concrete was not
provided, it was estimated from the empirical relationship ft = 0.3 fc

2/3 MPa, where fc is the
compressive strength in MPa (see e.g., Eligehausen [1983] and CEB [1993]).  The fracture
energy of concrete specimen was estimated from the empirical relation suggested by CEB
(1993): GF = GF0(fc/fc0)

0.7, where fc0=10 MPa and GF0 is the base value of fracture energy that
depends upon the maximum aggregate size.

For all of the specimens, the reinforcing bars were modeled as transversely isotropic.
Based on estimates of the fiber volume fractions and mechanical properties of the fibers and
matrix, the approximate formula of Hashin (1983) was used to estimate the transverse
mechanical properties of the bars.  Table 1 presents the material properties for the concrete and
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Figure 8.  Bar-scale model of the Malvar
specimen.
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bar that were adopted in the analyses.  The lists of concrete material properties for a given
experimental study correspond to the sequence of tests shown in Table 2.

3.1 Calibration
Figure 11 shows the calibration results for the Malvar specimens at four different

confinement stresses.  The calibrated bond stress-slip responses are reproduced with acceptable
accuracy.  However, since only one test was performed at each confinement stress, the
uncertainty in the experimental results has not been established. An important behavior that the
model does reproduce is an increase in maximum bond stress and energy dissipation with
increased confinement stress.  The bond response of FRP and steel bars differ significantly in that
the FRP bars exhibit a more ductile bond-stress slip behavior after the maximum bond stress is
attained.  The model is able to characterize this difference in behavior, but it does require a
different calibration than was used for the steel bars.  This relatively ductile bond behavior of
FRP bars has been reported by several authors (see e.g., Benmokrane et al. [1996], and Tepfers et
al. [1997]).  Malvar (1994) found that the surface structures of the FRP bars were significantly
damaged, which suggests that the bond stress-slip behavior exhibited by these bars is strongly
influenced by the progressive failure of the bar’s surface structure.

Table 1: Material properties of FRP bars and concrete.

Material properties
Malvar

(1994)

Tepfers
et al.

(1997)

Brown
et al.

(1993)

Larralde
et al.

(1993)

Larralde
et al.

(1994)
FRP rebars:

Young's moduli (GPa)
Longitudinal EL

Transverse ET

39.8
9.29

42.9
10.9

51.7
14.3

51.7
14.3

51.7
14.3

Shear moduli (GPa)
Longitudinal GL

Transverse GT

3.78
3.29

4.44
3.91

5.93
5.12

5.93
5.12

5.93
5.12

Poisson's ratios
Longitudinal ννL

Transverse ννT

0.41
0.27

0.40
0.25

0.38
0.25

0.38
0.25

0.38
0.25

Concrete:
Young's modulus (GPa) 30.7 29.1 30.7,

23.7, 20.0
28.7 30.7,

32.7,
32.3,

27.4, 28.8
Tensile strength (MPa) 2.79 2.0 2.28,

1.50, 0.90
1.89 2.28,

2.71,
2.62,

1.63, 1.92
Fracture energy (J/m2) 01 64 70, 50, 32 80 92, 105,

102, 73,
81

Minimum crack
opening (mm)

01 0.16 0.15,
0.17, 0.18

0.21 0.20,
0.19,
0.20,

0.22, 0.21
1 pre-cracked concrete specimen
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The bond stress versus radial dilation results compare less favorably with the
experimental data.  Generally (for steel and FRP bars), the Malvar tests exhibit less radial
dilation with increased confinement stress.  This trend can be explained in terms of incremental
work (Cox and Herrmann [1998]), but it is not consistently exhibited for this set of data.
Nonetheless dilation is assumed to decrease with increased confinement stress in calibrating the
flow rule which leads to significant differences in the predicted and measured radial dilations for
confinement stresses of 500 and 2500 psi.  These results suggest that for bars with this type of
surface structure a relatively large variation in the radial response can be anticipated as compared
with steel bars.  The bond model predicts that the initial radial dilation will occur for much lower
values of bond stress than observed in the experimental results.  The experimental data is
consistent with the behavior of dilatational materials – most of the dilation occurs near failure.

Even in the calibration experiments there are several possible sources of variation in the
experimental results: (1) An increased variation in the radial dilation (relative to the results for
steel bars) may be partially due to variations in the behavior of the FRP surface structure.  (2)
The pre-loading used by Malvar to pre-split the specimens produces an unknown amount of
damage which may affect the bond response at different levels of confinement stress differently.
(3) The radial dilations are small and may thus be difficult to measure accurately with the band
apparatus. Variations in the experimental results can affect the interpretation of the calibration
data.  For example, the deviation of the radial dilation response from the expected trend implies
that the longitudinal cracks may not be open in the actual experiment (for some states) as
assumed, so the confinement stress at the bar may differ significantly from the value used in the
model development.  That is, if the longitudinal cracks are closed the external normal traction
applied by the band apparatus is partially equilibrated by hoop stress in the concrete cylinder.
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Figure 11.  Calibration results for the Malvar “type d” specimen at 4 different
confinement stresses.
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3.2 Validation
Tepfers et al. (1997)

conducted several bond tests for FRP
bars. Their specimens were cubic in
shape and were cast within strong
steel molds.  Each specimen
remained in a mold and thus was
highly confined.  They examined the
bond behavior for various concrete
strengths, bar diameters, and bond
lengths.  An axisymmetric model for
the specimen was used in the
numerical simulations; the diameter
was chosen to be the width of the
cube.  Additional data for the models
are given in Table 1.  Data on the
surface structure of the bar was not
presented, so parameters such as
indentation spacing were estimated
from the photographs in their report.

Figure 12 shows the
comparison of the test and model
results for specimens with three different embedment lengths (3Db, 5Db, and 7Db).[JVC1]  The
difference between the model and experimental results may be significant, but it is difficult to
make strong conclusions without a measure of experimental scatter.  The model is not sensitive
to the bond length, while the experiments appear to exhibit a strong inverse relationship between
bond length and bond strength.  However, these results must be considered in the context of other
results obtained during the same experimental study.  Many of the results did not show this trend,
and the researchers concluded that “the ultimate bond stress is not influenced by the bond length
in a clear way.”  The average bond strength obtained in the experiments differs with the average
of the predicted values by about 9 percent, so if the differences are due to experimental scatter
the model results are certainly acceptable as predictions of the mean responses.

Several approximations were made in the specimen model and in application of the bond
model.  Among the approximations were: (1) the axisymmetric model of the specimen and (2)
estimates of the properties of reinforcing bars and concrete.  As previously discussed, an
underlying assumption in this work is that if the surface structure of the FRP bar and concrete
strength are similar to the Malvar specimen, the elastoplastic bond model can be successfully
applied to other specimens.

The last tests to be considered in the validation of the model are those by Brown and
Bartholomew (1993), Larralde and Silva-Rodriguez (1993), and Larralde et al. (1994).  The
cylindrical specimens for these tests have the same dimensions, but the bars and concrete
strengths differ.  As previously noted, the surface structures appear to be similar to the “type d”
bars of Malvar.  For these tests the comparisons are limited to bond strength (Table 2).  The bar
diameters for some of these specimens are about half that of the calibration specimen, and two of
the concrete strengths are very low.  The model estimates most of the bond strengths with an
accuracy comparable to the calibration results.  Larralde and Silva-Rodriguez (1993) also
reported the slip at failure.  The model underestimated the slip values (i.e., the model appeared to
be stiffer than the experimental results); this inaccuracy is probably due to an aspect of the
specimen behavior not captured with the current model.  The specimens of Malvar and Tepfers et
al. had an unbonded region of concrete at the loaded end of the specimen, while the specimens of
these last two studies do not.  Specimens not having an unbonded length can exhibit a more
compliant behavior.  The unusual predicted response of the F5-3 specimen (Larralde and Silva-
Rodriguez [1993]) is a result of the interplay between the model’s concurrent isotropic hardening
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Figure 12.  Test and numerical results of Tepfers
et al. (1997) specimens.
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and kinematic softening and can be improved by extending the range of kinematic softening;
however, a more complete set of experimental data using a common set of FRP bars should be
obtained prior to calibration refinements.

Table 2: Test specimen data and results.

Experiments
Specimen

Size
(D××L or
L××W××H)

Bar
Diameter

Db

Bond
Length

Lb

Concrete
Strength

fc

Maximum Bond Stress
(MPa)

(mm) (mm) (mm) (MPa) Test Model “Error”
Malvar (1994)

500 psi
1500 psi
2500 psi
3500 psi
4500 psi

76×102 19 66.7 29.1
3.83
7.40

10.42
12.07
13.47

4.19
6.68
9.37

11.95
14.38

9 %
10 %
10 %

1 %
7 %

Larralde et al.
(1993)

F3-3
F3-6
F5-3
F5-6

152×305

10.4
10.4
16.7
16.7

76.2
152.4

76.2
152.4

23.8

9.121

8.531

6.351

5.612

8.97
8.28
5.813

5.51

2 %
3 %
9 %
2 %

Larralde et al.
(1994)

No. 1-3
No. 4-5
No. 7-9
No. 15
No. 22

152×305

12.7
12.7
12.7
12.7
12.7

127.0
127.0
177.8
228.6
279.4

29.0
35.2
33.8
20.7
24.1

5.881

7.332

6.411

5.61
4.55

6.54
7.69
7.17
4.90
4.94

11 %
5 %

12 %
13 %

9 %
Brown et al.
(1993)

Test-A
Test-B
Test-C
Test-D

152×305 9.5

152.4
101.6
152.4
101.6

29.0
29.0
13.3

8.0

8.25
6.84
5.70
3.96

7.87
8.36
5.32
3.70

5 %
22 %

7 %
7 %

Tepfers et al.
(1997)

No. 10
No. 11
No. 12
average

200×200
×200

15

45
75

105

25

13.9
9.5
8.7

10.7

11.53
11.40
11.29
11.41

17 %
20 %
30 %

7 %
1 average of 3 test results
2 average of 2 test results
3  This result corrsponds to the first peak in the predicted bond stress vs. end slip response.  The model

erroneously produced a second peak for this specimen that overestimated the bond strength by 43% at
a large slip (~11.4 mm).  This type of model response did not occur for any of the other tests.
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4. DISCUSSION AND CONCLUSIONS

The application of a bond model, which has been previously used to model bond between
steel bars and concrete, has been extended to the application of bond for FRP bars.  The model
was developed to characterize the behavior resulting from the mechanical interaction between a
slender reinforcing element that has a significant surface structure and the surrounding matrix.  In
previous studies a single calibration has been used to model the bond of “standard steel bars.”
However unlike steel bars, the surface structure of an FRP bar can be significantly damaged
when large slips occur.  The surface structure of FRP bars has not been tightly standardized,
since many of the products are still evolving.  Thus application of the phenomenological bond
model to FRP bars will generally require recalibration for a particular bar, because the effects of
many parameters (e.g., geometry of the surface structure, and volume fraction and orientation of
fibers in the surface structure) are difficult to quantify for this type of model.

The validation results presented here were for bond specimens that had bars with surface
structures resembling those of the calibration specimen.  The underlying assumption is that if the
model is calibrated based upon a set of tests that address failure for a variety of stress states, the
model can be used to predict the bond behavior of similar FRP bars; i.e., the failure mechanisms
will be similar to the calibration specimen, and their effects will be represented sufficiently
accurately at the bar-scale.  This modeling approach emphasizes characterizing the behavior that
results from the mechanical interaction at a scale that is amenable to the analysis of structural
components, but the model will not provide details on the dominant mechanisms of the bond
failure nor on the state of damage of the FRP bar.

Most of the predicted bond strengths were within 15 percent of the measured values.
This level of “accuracy” is better than anticipated considering the variation in the specimen
properties, the surface structures of the FRP bars were not the same, the amount of experimental
scatter is unknown, and there are several uncertainties in the specimen models.  Additional
studies are needed to quantify some of these uncertainties.  In particular, an experimental study
that considers several specimens (including the Malvar specimen for model calibration), provides
data on experimental scatter, and uses a common bar (or set of bars) would allow a better
evaluation of the proposed modeling approach.  The assumptions associated with the specimen
modeling also merit further investigation.  Nonetheless, the preliminary results are encouraging
and reflect the potential of using the model to characterize the behavior of concrete reinforced
with FRP bars.
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